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Chapter Neuroimaging the eﬀects of light on non-visual
brain functions21 Gilles Vandewalle and Derk-Jan Dijk
Light exposure is the major environmental
factor regulating sleep and wakefulness
Light is necessary for image formation by the visual system, but
is also essential for the regulation of numerous non-image-
forming functions [1, 2]. Light is responsible for the synchro-
nization of circadian rhythms to the external world and is able
to alter the timing of these rhythms. Circadian rhythmicity is
present in many processes, most notably in thermoregulation,
endocrine and cardiovascular functions, sleep, alertness, and
cognitive abilities. Light indirectly aﬀects all these aspects in the
long term, through its impact on circadian rhythms. Lack of
light has also a negative impact on mood and repeated daily
exposure to light is recommended as a therapy in seasonal
aﬀective disorders. These eﬀects on mood, are possibly medi-
ated through an impact on circadian rhythmicity [3]. In addi-
tion to these long-term eﬀects, light also evokes strong and
acute alterations in alertness, sleep propensity, attention, cog-
nitive performance, cognitive brain function, body tempera-
ture, heart rate, melatonin and cortisol secretion, gene
expression, and pupil constriction [1, 2, 4, 5]. Since most of
the long-term and acute non-image-forming impacts of light
either directly or indirectly aﬀect the quality of sleep and wake-
fulness, light exposure emerges as a powerful environmental
factor regulating our 24-h lives (Figure 21.1).
Analyses of the eﬀects of light on cognition showed that the
eﬀects on performance are acute and encompass executive
processes, such as inhibition, shifting and updating, memory
processes, including working memory and long-term memory,
and attention. Thus light has a broad impact on major aspects
of cognition associated with wakefulness [1, 5–9] Light expo-
sure during wakefulness has also been reported to acutely
reduce electroencephalogram (EEG) delta, theta, and alpha
activity as well as slow eye movements, which are all correlates
of sleepiness and attention deﬁcits [5, 9, 10]. This provides a
ﬁrst indication of themechanisms involved in the eﬀects of light
on non-image-forming brain functions.
In this chapter, we will describe the physiological bases of
the impact of light on non-image-forming functions before
summarizing recent neuroimaging investigations that substan-
tially increased our understanding of the brain mechanisms
involved. The data show that light has a widespread impact on
many brain functions and that this eﬀect depends on the brain
region and the ongoing process considered as well as on the
duration and intensity of the light exposure, and time of day.
The eﬀects of light are also modulated by the health status and
genotype of the participants.
The non-image-forming functions of light
are mediated by a photoreception system
sensitive to blue light
It has been shown in several species, including rodents, maca-
ques, and humans, that light aﬀects non-image-forming func-
tions even in the absence of rods and cones, the classical visual
photoreceptors [4]. This implies that another photoreceptor is
involved. In addition, the ability of light to suppress melatonin
secretion and subjective sleepiness, to increase body temperature,
heart rate, and objective measures of alertness, and to shift
circadian phase has been reported to be greatest with exposure
to shorter wavelength light (at around 460–480nm; blue light),
which is at odds with the maximal sensitivity of the classical
cone-driven photopic (~550nm – green) and rod-driven sco-
topic (~505nm – blue-green) photoreception systems [1, 2, 4, 5].
Intrinsically photosensitive retinal ganglion cells (ipRGC)
expressing the photopigment melanopsin constitute a novel
class of photoreceptors only marginally involved in vision,
but deeply implicated in the non-image-forming functions of
light [4]. Melanopsin is necessary for the intrinsic light response
with a maximal sensitivity to wavelengths around 480 nm
(blue light). Melanopsin-expressing ipRGCs constitute the
only channel through which light aﬀects non-image-forming
functions but they receive inputs from rods and cones which
modulate their overall response to light. Light responses depend
therefore on the state of each class of photoreceptors so that the
strength and wavelength sensitivity of the impact of light on
non-image-forming functions vary with irradiance level and
duration of light exposure and prior light history [4].
Melanopsin-expressing ipRGCs project to the lateral geni-
culate nucleus and the superior colliculus, and these projections
are likely to contribute to vision, but also possibly to non-
image-forming functions of light [4]. IpRGCs also project to
the hypothalamus, particularly the suprachiasmatic nucleus
(SCN), site of the master circadian clock, and the dorsomedial
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hypothalamus (DMH), involved notably in feeding behavior
and relay between the SCN and the brainstem locus coeruleus
(LC) [4, 11]. A direct projection of ipRGCs to the ventrolateral
preoptic area (VLPO), and the lateral hypothalamus (LH),
containing orexin neurons may mediate eﬀects on sleep regu-
lation [4]. Projections of ipRGCs also include the pretectum
within the posterior pretectal nucleus and olivary pretectal
nucleus (OPN), mediating pupillary constriction, and the lat-
eral habenula, implicated in reward processing [4]. Finally,
sparse projections to the medial amygdala, involved in emotion
regulation, have been reported [12]. These widespread and
numerous projections are an essential component of the brain
mechanisms through which light can exert a potent and diverse
impact on non-image-forming functions.
Widespread impact of light on brain
functions
A recent series of neuroimaging studies in young and healthy
participants investigated the impact of light on cognition,
initially using positron emission tomography (PET) [13], and
functional magnetic resonance imaging (fMRI) in ﬁve subse-
quent experiments [14–18]. The experiments were designed so
that the non-image-forming role of light could be examined with
as little contamination as possible from its role in image forma-
tion. All studies administered light while subjects were perform-
ing tasks in the auditorymodality. In other words, care was taken
not to use tasks that directly depended on the visual system. The
light was administered using large uniform diﬀusive surfaces,
thereby minimizing activation of image-forming processes.
Light stimuli were long (40 s to 20min) and the eﬀects of these
stimuli were assessed during and after exposure. Comparisons
were made between light of diﬀerent wavelength, i.e., blue
(473 nm and 480nm), green (527nm and 550nm), or violet
(430 nm), but equal photon density. This type of light exposure
and assessments of its eﬀects is very diﬀerent from classical visual
research in which the emphasis is on transient visual responses to
small brief and contrasted stimuli.
Results demonstrated that light had a strong inﬂuence on
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Figure 21.1 The broad non-image-forming functions of light. A diﬀuse network of melanopsin-expressing intrinsically photosensitive retinal ganglion cells (ipRGCs)
are maximally sensitive to blue light (~480 nm) and receive input from rods and cones (A). These cells have direct projections to the SCN, site of the circadian master
clock, and regulate circadian entrainment notably through inﬂuence on gene expression (B). Light also regulates locomotor activity and can shift circadian phase (C).
IpRGC connections to the pretectummediate pupil constriction (D), and indirect input via the SCN regulates the light-induced suppression of melatonin production in
the pineal (E). ipRGCs also have direct projections to sleep regulatory structures such as the VLPO and thereby modulate sleep (F). Blue light can modify cognitive brain
responses (G) and can improve alertness (H) during the morning, lunch time, and early evening. IpRGCs are also involved in rudimentary visual functions in rodents.
(Figure copied from [2].) SCN= suprachiasmatic nucleus; VLPO= ventrolaterral preoptic area; ECOG= electrocorticography.
Section 3: Sleep loss and circadian misalignment
172
C:/ITOOLS/WMS/CUP-NEW/3525762/WORKINGFOLDER/NOMY/9781107018631C21.3D 173 [171–178] 7.11.2012 2:51PM
mainly recruits attention, and to an n-back task [15–17], which
involves continuous updating and comparing of information in
working memory in addition to attention. More recently, brain
responses to an emotional task, which requires the processing
of negative and neutral prosody, were also reported to be
aﬀected by light exposure [18]. This latter observation extends
the known acute non-image-forming role of light to the emo-
tional domain and opens new perspectives as to how light
aﬀects mood and emotions in the long term.
These studies showed that light aﬀected subcortical areas
involved in alertness regulation. These areas included the hypo-
thalamus, in an area encompassing the SCN and VLPO, while
subjects were engaged in an oddball task [13]. Another area of the
hypothalamus compatible with the DMH and paraventricular
nucleus of the hypothalamus (PVNH), both involved in emo-
tional responses, was aﬀected by exposure to light speciﬁcally
during the processing of negative auditory emotional stimula-
tions (not for neutral stimuli) [18]. The dorsoposterior thalamus,
in an area compatible with the pulvinar, was repeatedly shown to
be aﬀected by light exposure while performing an oddball and
n-back tasks. Furthermore, an area of the brainstem compatible
with the LCwas aﬀected during an n-back task [14–18]. Light also
inﬂuenced responses of the hippocampus and amygdala, which
are involved in long-term memory and emotion regulation.
At the cortical level, light aﬀected areas involved in attention
regulation during the exposure but also for several min during
the darkness period immediately following light exposure [19].
Light-induced increases in activation were also observed in the
occipital and temporal sensory cortices, likely through an
increase of the top-down inﬂuence from parietal and frontal
areas. Areas involved in updating and comparing of informa-
tion in working memory were also aﬀected [20]. These areas
include the insula, the intraparietal sulcus (IPS) and supra-
marginal gyrus in the parietal cortex, and the dorso- (DLPFC)
and ventrolateral prefrontal (VLPFC) cortex and frontopolar
cortex (FPC) in the prefrontal cortex. According to a recent
model of cognition [21], FPC and VLPFC are at the apex of the
hierarchy of executive control and are involved in the more
complex processes. Light appears therefore able to aﬀect the
fronto-parietal repetition loop involved in working memory
including those prefrontal areas at the top of executive control.
Finally, the voice area of the temporal cortex was acutely
aﬀected by light exposure speciﬁcally for the processing of
negative prosody stimulations [18].
The data show that light is able to trigger widespread mod-
ulations of brain activity in subcortical and cortical areas
involved in the ongoing cognitive process. The distribution of
aﬀected areas is task-dependent and can include areas at the top
of executive control, or crucial for attention, but also structures
at the core of emotional responses, or essential for alertness
regulation.
Wavelength-dependent modulation of brain
responses
Behavioral studies have shown that, similarly to other non-
image-forming functions, blue or blue-enriched light have a
superior impact on cognitive performance, as compared to
green light or standard white light [1, 5–9]. In accordance
with these behavioral studies, brain responses to auditory n-
back or emotional tasks were shown to be stronger with blue
light exposure (473 nm or 480 nm, to which melanopsin
ipRGCs and the non-image-forming system is maximally sen-
sitive) compared to green light (527 nm, to which M-cones are
maximally sensitive, and 550 nm to which the photopic visual
system is maximally sensitive) and violet light (430 nm, to
which S-cones are maximally sensitive) [15–18]. These
wavelength-dependent eﬀects were detected in subcortical
areas including the hypothalamus (DMH- or PVNH-
compatible area), in the brainstem (LC-compatible area), and
pulvinar, but also in the IPS, DLPFC, VLPFC, FPC, as well as
within the amygdala, hippocampus, insula, and temporal cortex
voice-sensitive area. The superiority of blue light was observed
during exposures lasting as little as 40–60 s and exposures
lasting up to 18 min. In the amygdala and hippocampus the
superiority of blue light compared to green light (527 nm) can
already be observed at light onset, which is an event independ-
ent of cognition [16].
These results show that the impact of light on non-image-
forming function is wavelength-dependent. The superiority of
blue light suggests that the classical photopic visual system is
not primarily responsible for the modulation of non-image-
forming brain responses and is compatible with a major con-
tribution from melanopsin-expressing ipRGCs [4, 22]. These
observations do not exclude contributions from cones, while a
contribution from rods remains to be investigated. Rods have
been shown to contribute to the non-image-forming function
of light at a higher irradiance level than their upper functional
limit for vision [4, 22].
Duration-, intensity-, and task
diﬃculty-dependent impact of light
Although no dose–response studies have been carried out,
greater doses of light appear to induce stronger modulations.
Twenty min of bright white light triggered signiﬁcant eﬀects on
brain responses, which could be detected for up to 10 min after
light oﬀ [13, 14], while signiﬁcant diﬀerential eﬀects of blue and
green could only be detected during an 18-min exposure, which
contained at least 100 times less photons, and not during the
darkness period following light exposures [15]. Moreover when
reducing light duration to less than a min, brain responses to a
2-back task were mainly detected in subcortical areas including
the pulvinar and a brainstem (LC-compatible) area, with little
signiﬁcant impact on the cortex [16]. This indicates that light-
induced modulation of brain activity can be detected in sub-
cortical areas when light is not yet signiﬁcantly aﬀecting the
cortex.
In a subsequent investigation, impacts on the cortex were
more numerous and widespread when using a much more
diﬃcult 3-back task (in which the current item has to be
compared to the item presented three items earlier, instead of
two) [17], suggesting that the eﬀects of light were not only
dependent on light intensity and duration, in addition to its
Chapter 21: Light and non-visual brain functions
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wavelength, but also on the diﬃculty of the ongoing process,
with more signiﬁcant cortical modulation for more demanding
tasks.
Signiﬁcant behavioral impacts were only found with a
higher amount of light (16 to 20 min of bright white light)
[13, 14]. This supports the assumption that signiﬁcant changes
in brain responses precede signiﬁcant behavioral changes and
that it is only when the impact on brain function is strong
enough that it is translated into behavioral changes. This
assumption is supported by behavioral studies, which used
similar wavelength and irradiance levels but for much longer
durations, and found signiﬁcant performance increase on task
recruiting attention and executive functions [1, 5–9].
The interaction between circadian and sleep
homeostasis signals modulates the impact
of light
The ﬁrst PET investigation of the impact of light on non-image-
forming cognitive brain functions was conducted at night [13],
while the subsequent fMRI studies were conducted during the
daytime [14–18]. An impact of light on brain function was
detected both at night and during the day. However, diﬀerences
between PET and fMRI and between protocols limit the infor-
mation that can be obtained from comparisons between these
night and day experiments. Recent data show that time of day
(morning vs. evening) and the associated changes in the inter-
action between circadian phase and homeostatic sleep pressure
modulates the impact of light on cognitive brain function [17].
As already mentioned, the impact of light appears to be
particularly pronounced under challenging conditions, which
can be encountered while performing a diﬃcult task, but also
when the interaction between circadian and sleep homeostasis
signals jeopardizes brain function. When comparing two fMRI
sessions acquired in the morning at the same circadian phase,
after a night of sleep and a night of sleep deprivation, respec-
tively, it is in the latter condition that more widespread and
more numerous light-inducedmodulations were observed [17].
Compared with green light (527 nm), 1 min of blue light
(473 nm) could signiﬁcantly increase brain responses to a 3-
back task in the FPC, DLPFC, premotor cortex, and IPS, in the
morning after a night of sleep or after a night of sleep depriva-
tion. However, following sleep loss, eﬀects were more numer-
ous and widespread, so that they became signiﬁcant bilaterally
in prefrontal and parietal cortex and also included the insula
(bilaterally) and the pulvinar.
Surprisingly, no diﬀerential impact of blue and green light
on brain responses could be detected with a 1-min exposure in
the evening, in the so-called wake-maintenance zone (i.e., when
the circadian signal maximally promotes wakefulness [23] – see
Chapter 20), following a normal waking day [17]. This implies
that when the endogenous drive for wakefulness is high, there is
a relative decrease in the capacity of light to modulate brain
activations. It appears that the interaction between circadian
and sleep homeostasis, which governs our ability to maintain
proper waking brain function ([23] – see Chapter 20), also has a
dramatic inﬂuence on the ability of light to aﬀect brain
responses. Indeed, if homeostatic sleep pressure alone was
inﬂuencing light impact, intermediate eﬀects should be
detected in the evening, as compared with eﬀects in morning
sessions after sleep and after sleep loss. In other words, light is
not as stimulating in the evening, when brain responses are
already maximally stimulated endogenously by the circadian
system, and more light would be required to induce signiﬁcant
eﬀects at this circadian phase. This assumption is supported by
data showing signiﬁcant impact of light on performance in the
evening wake-maintenance zone using a similar irradiance level
and wavelength of blue light but much longer exposures [8].
The impact of light depends on genotype
A variable number of tandem repeat (VNTR) polymorphism in
the coding region of the gene PERIOD3 (PER3) predicts a
diﬀerence in the buildup of homeostatic sleep pressure and
individual vulnerability to the impact of sleep loss on cognitive
performance [23]. One genotype (PER35/5) has a faster increase
of sleep pressure and is more vulnerable to sleep loss, as com-
pared to the other (PER34/4) (see Chapter 20). While the impact
of light in the evening wake maintenance zone did not diﬀer
between the genotypes, blue light signiﬁcantly increased brain
responses in the morning following sleep loss only in PER35/5
individuals, and in the morning following a night of sleep only
in PER34/4 individuals [17]. This constitutes the ﬁrst identiﬁca-
tion, both in human and animal research, of a genetic marker of
individual diﬀerences in the impact of light on non-image-
forming functions.
The diﬀerence between PER3 genotypes with respect to their
response to light may be related to diﬀerences in the endoge-
nous drive for wakefulness. Because the buildup of homeostatic
sleep pressure is slower in PER34/4 individuals they are less
aﬀected by the combination of sleep loss and an adverse circa-
dian phase, i.e., the morning hours. PER34/4 individuals are
therefore able to trigger endogenous compensatory brain
mechanisms that maintain brain responses and recruit supple-
mental areas to perform a 3-back task even in the absence of
light [24] (see Chapter 20). In contrast, the combination of sleep
loss and an adverse circadian phase induces major reductions of
activations across all parts of the cortex in PER35/5 individuals.
Light appears therefore less able to stimulate brain responses in
individuals already under great endogenous stimulation. It will
provide more beneﬁts to the genotype which is not able to
maintain brain responses endogenously and is most challenged
by the circadian and sleep homeostasis conditions. In addition,
PER35/5 individuals are more likely to be morning chronotypes
and to prefer performing in the morning hours [23]. The
circadian amplitude in brain responses may be larger in morn-
ing types (see Chapter 20) so that in the morning following
sleep they would be in optimal endogenous conditions to per-
form and could not beneﬁt as much from an external light
stimulation. PER34/4 individuals, which represent 45–50% of
the general population and are more likely to be evening chro-
notypes, would beneﬁt more from light in the morning after a
night of sleep and signiﬁcant eﬀects could be detected. This
Section 3: Sleep loss and circadian misalignment
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hypothesis is in agreement with the previous studies, which
were carried out in the morning shortly after sleep and found
signiﬁcant impact of light on brain responses in non-genotyped
samples [14–16].
Light modiﬁes the functional organization
of the brain
Simple psychophysiological interaction analyses provided fur-
ther insight on how light is able to modulate ongoing brain
activity. While performing a 3-back task recruiting attention,
working memory, and executive function, blue light increases
the functional connectivity between the pulvinar and DLPFC,
premotor cortex, and IPS, as well between the DLPFC and IPS
(unpublished analyses of [17]). During an emotional auditory
task using voice stimulation, the light-activated network is
diﬀerent and comprises the hypothalamus (DMH- or PVNH-
compatible location), amygdala, and the voice-sensitive area of
the temporal cortex [18]. The latter result was speciﬁc for the
processing of emotional stimuli and was not observed for
neutral stimuli. These data show that (blue) light modiﬁes
information ﬂow between areas essential for a given ongoing
task and suggest that the interactions between brain areas are
optimized.
Summary and scenario of the brain
mechanisms
In accordance with animal research, the neuroimaging results
presented here are compatible with a scenario in which light
would ﬁrst inﬂuence subcortical structures involved in arousal
regulation before signiﬁcantly aﬀecting the cortical areas
involved in the ongoing non-image-forming process
(Figure 21.2). These subcortical structures include the hypo-
thalamus, within the SCN, but also possibly the VLPO, DMH,
and PVNH. The SCN and DMH could in turn transfer light
information to numerous brain sites through their numerous
projections, which include the brainstem LC, to which they are
functionally connected [11]. The LC constitutes the major
source of norepinephrine of the organism and has a broad
impact on alertness and cognition through its numerous pro-
jections to the thalamus and most of the cortex. However, other
(aminergic) nuclei of the ascending arousal system could pos-
sibly be recruited as well. A pulvinar-compatible area of the
thalamus appears also to be recruited at light onset but also
throughout the 60 s to 20 min of exposure. The pulvinar, which
has been suggested to mediate the impact of alertness on cog-
nition ([24, 25] – see Chapter 20), is a major relay between
cortical areas and an impact of light in that area could facilitate
information ﬂow within the cortex, as suggested by functional
connectivity changes identiﬁed for a task involving attention,
working memory, and executive functions. If suﬃcient, this
subcortical impact would then signiﬁcantly aﬀect the cortical
area recruited for the ongoing task, which could in turn aﬀect
behavior. Behavioral measures would only be signiﬁcantly
aﬀected after prolonged light exposure either because the cort-
ical impact requires time for the eﬀect to be transferred to
behavior or because behavioral measures are less sensitive
than neuroimaging techniques, or probably both.
Several factors modulate the eﬀects described in this sce-
nario including light intensity, duration, and wavelength, and
possibly task diﬃculty. The interaction between circadian and
Figure 21.2 Schematic representation of the brain mechanisms involved in the non-image-forming impact of light on cognitive brain responses. (1) Responses at
light onset are found within the hypothalamus (blue) and pulvinar (green) (and amygdala and hippocampus, not shown); (2) within the ﬁrst seconds of the exposure,
responses are found mainly in subcortical and cortical structures involved in alertness regulation (hypothalamus, brainstem (green), pulvinar); (3) late responses are
detected at the cortical level in areas involved in the ongoing cognitive process and can subsequently aﬀect performance. For attention/working memory/executive
tasks (yellow) a network of areas around the pulvinar and including prefrontal and parietal areas appear to mediate the impact of light on alertness and cognition. For
emotional responses to vocal stimuli (light blue), the network involves the hypothalamus, amygdala, and voice-sensitive area of the temporal cortex. Light seems to
have a swifter impact on emotional cortical responses than attentional/working memory/executive responses. The impact of light is stronger with higher intensity,
longer duration, and shorter wavelength (blue) light exposures, and seems alsomore pronouncedwhen the participant performs amore diﬃcult cognitive task. Time of
day and the associated changes in the interaction between circadian and sleep homeostasis signals and PERIOD3 genotypemodulate the impact of light. (Adaptedwith
permission from [5].)
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sleep homeostasis signals and PER3 genotype can amplify or
diminish the non-image-forming impact of light on cognitive
brain function. The impact of light is also task speciﬁc and is
primarily detected in areas involved in the ongoing process. The
type of cognitive function is also a crucial determinant of the
eﬀect of light. For attention, working memory, and executive
functions light eﬀects appear to be mediated through a network
in which the pulvinar plays a central role but which also
includes prefrontal and parietal higher associative areas. For
tasks triggering emotional responses, eﬀects within cortical
areas specially devoted to decoding the emotional content of a
particular type of stimulus (e.g., the voice-sensitive area of the
temporal cortex for voice stimulation) appear to be quick and
mediated through a network based on hypothalamus and
amygdala interactions.
Importantly, the impact of light appears to be related to the
activation pattern in the absence of light. For an auditory 3-back
task, an impact of light is found in areas that undergo decreased
activations or compensatory recruitment during sleep loss in
darkness, particularly higher associative areas (Figure 21.3) [17,
24]. It seems therefore that there is an overlap between the
endogenous brain mechanisms regulating wakefulness during a
normal waking day and following sleep loss, and the mechanisms
triggered by an external activating agent such as exposure to light.
Hypothalamic response to light as a
neurobiological marker of psychiatric status
Seasonal aﬀective disorder (SAD) is a major depressive disorder
with a recurrent seasonal occurrence and most probably related
to the lack of light exposure in fall/winter [3]. It has been
suggested that the ability of light therapy to improve mood in
SAD relates to abnormal circadian regulation or abnormal
retinal physiology in patients [3]. The therapeutic eﬀects of
light may also be mediated through its acute ability to recruit
a speciﬁc network of brain areas involved in emotional
responses. This could in turn result in a better emotional
regulation and improved mood.
Data acquired in patients suﬀering from SAD show that a
posterior area of the hypothalamus, presumably including the
LH containing orexin neurons, or the PVNH, present increased
activations to emotional vocal stimulation under blue light
(480 nm) illumination, but decreased activation under exposure
to green light (550 nm) (Figure 21.4) [26]. These eﬀects were
not observed in healthy controls (signiﬁcant diﬀerence between
patients and controls). Since the hypothalamus, and particu-
larly the LH, contributes to emotion, sleep/wake, and metabo-
lism regulation, which are all disrupted to some extent in SAD,
these light-induced activations may be of some interest.
However, further research is required to elucidate whether
this abnormal hypothalamic response to light constitutes a
neurobiological indicator of how lack of light triggers SAD or
Figure 21.3 Blue light increases cognitive brain
responses in locations showing in darkness decreased
activation in PER35/5 or compensatory recruitment in
PER34/4 following sleep loss. Compensatory increase in
activation in the morning hours after 25 hours of
wakefulness in PER34/4, found notably in the ventrolateral
prefrontal cortex, temporal cortex, cerebellum, and
thalamus (thalamus not shown). Decreases in activation in
the morning hours after 25 hours of wakefulness in
PER35/5, observed notably in the occipital, temporal,
parietal, and lateral prefrontal cortices. Blue light-induced
increase in activations after 25 hours of wakefulness in
PER35/5 (thalamus not shown). Blue light-induced increase
in activity after 1.5 hours of wakefulness in PER34/4.
DLPFC= ventrolateral/dorsolateral prefrontal cortex; FPC/
VLPFC= frontopolar/ventrolateral prefrontal cortex;
IPS = intraparietal sulcus; PMOT=premotor cortex.
(Copied with permission from [17].)
Figure 21.4 Hypothalamic responses to light as a neurobiological
substrate of SAD. The impact of blue and green light exposure on the brain
responses to auditory emotional stimuli is signiﬁcantly diﬀerent in the
hypothalamus (LH- or PVNH-compatible area) of patients with SAD
compared with healthy controls. Graphs: change in brain response under
blue (480 nm) and green (550 nm) light exposures. (Modiﬁed with
permission from [26].) *p < 0.05 after correction for multiple comparisons
within a group or between group; ~p = 0.07 after correction for multiple
comparisons; ns = net signiﬁcent.
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how light therapy leads to remission, or if it is a secondary
marker of a more central phenomenon.
Conclusions and perspectives
The data reviewed here indicate that exposure to light has a
powerful impact on brain activity recruited by diverse aspects of
cognition, so that the quality of brain functions associated with
wakefulness are modulated. Several lines of evidence now sug-
gest that exposure to light also aﬀects subsequent sleep such that
increased blue light exposure during the day can improve
nocturnal sleep quality [27] and too much light in the evening
disrupts sleep [28]. These eﬀects are likely to be mediated by
melanopsin, and sleep and the circadian system are so sensitive
to light that ordinary room light exposure in the evening will
impact circadian physiology and subsequent sleep [6, 27, 29].
This appears particularly relevant since melanopsin ipRGCs
have been shown not only to acutely aﬀect sleep and wakeful-
ness, but also to have an impact on sleep homeostasis: mela-
nopsin depletion in rodents reduced slow wave sleep rebound
after sleep deprivation [30].
Understanding how light can be used to improve wake-
fulness and be modiﬁed to positively aﬀect sleep could be of
great interest for several segments of the general population:
shift workers and jet-lagged people, sleeping and waking at
the wrong circadian time; older and middle-aged people,
with earlier wake times, decreased sleep quality [31], and
less able to shift their circadian phase in response to light
[32]; Alzheimer patients, who beneﬁt from light and mela-
tonin administration [33]; or psychiatric patients for whom
light therapy ameliorates symptoms, as demonstrated for an
increasing number of disorders [3, 34]. Currently, require-
ments for indoor lighting are primarily focused on visual
acuity but should also consider the non-image-forming
functions of light so that we are not “blue-light deprived,”
particularly in winter, when our exposure to blue light
decreases [35].
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